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To  improve  the  tap  density  of  Ti02(B)  as  a  high  potential  negative  electrode  for  lithium-ion  batteries,  the 
particle  size  and  the  shape  of  the  Ti02(B)  were  controlled  by  a  new  synthetic  method  using  large-size  Nb- 
doped  rutile  Ti02  as  a  starting  material.  The  Nb-doped  Ti02(B)  particles,  Tio.93Nbo.o702(B)  and  Tio.goN- 
t>o.io02(B),  were  much  smaller  (diameter:  ca.  100  nm,  length:  ca.  800  nm)  than  the  conventional  Ti02(B) 
prepared  using  fine  anatase  Ti02  particles  as  a  starting  material,  and  were  agglomerated  to  form  sec¬ 
ondary  particles  with  a  diameter  of  3-30  pm.  The  tap  densities  of  Tio.93Nbo.o702(B)  and  Tio.goNbo.io02(B) 
were  successibly  high  (0.77  and  0.66  g  cm-3,  respectively),  which  were  ca.  2-fold  higher  than  that  of  the 
conventional  Ti02(B)  (0.30  g  cm-3).  As  a  result,  the  discharge  capacity  per  electrode  volume  was 
significantly  improved  for  both  Nb-doped  samples  without  sacrificing  the  cycleability.  Non-doped 
Ti02(B)  was  prepared  from  large-size  rutile  Ti02  by  a  similar  method,  but  it  deteriorated  upon  cycling, 
accompanied  by  the  formation  of  the  anatase  phase.  It  was  shown  that  Nb-doping  not  only  improves  the 
discharge  capacity  per  electrode  volume,  but  also  effectively  stabilizes  the  Ti02(B)  crystal  structure  of  the 
small  particles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  large-format  lithium-ion  batteries  (LIBs)  have 
attracted  much  attention  for  use  in  hybrid  vehicle,  electric  vehicles 
and  energy  storages.  However,  there  remain  serious  problems,  such 
as  safety,  durability,  and  cost,  to  be  solved  before  commercializa¬ 
tion  [1].  The  use  of  high  potential  negative  electrodes  working  at 
potentials  higher  than  1.0  V  vs.  Li/Li+  is  one  of  the  ways  for  solving 
these  issues  [2-15],  though  it  sacrifices  the  energy  density  of  the 
resulting  batteries.  Spinel  type  LLfTisO^  (hereafter  denoted  as  LTO) 
has  a  very  flat  potential  plateau  at  around  1.55  V  vs.  Li/Li+  with  good 
reversibility  and  structural  stability  during  the  charge  and 
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discharge  processes  [2,3],  and  is  therefore  one  of  the  promising 
candidates  for  high  potential  negative  electrodes  of  the  large- 
format  LIBs.  However,  the  charge/discharge  capacity  of  LTO  is 
limited  by  the  theoretical  one  (175  mAh  g-1),  which  is  unfavorably 
lower  than  that  of  graphite  (372  mAh  g-1).  Another  promising 
candidate  as  a  high  potential  negative  electrode  is  Ti02(B),  which  is 
a  polymorph  of  Ti02  [7-18].  Armstrong  et  al.  reported  that  the 
nanowires  [7-9,15]  and  nanotubes  [10,11]  of  Ti02(B),  which  were 
prepared  by  a  hydrothermal  method,  exhibited  high  reversible 
capacity  (305  mAh  g  1  and  330  mAh  g-1,  respectively)  close  to  the 
theoretical  one  (335  mAh  g_1)  with  good  cycleability.  We  have 
prepared  I^T^Og  and  Cs2Ti50n  precursors  by  a  solid  state  reaction, 
and  obtained  micrometer-size  Ti02(B)  powder  after  ion-exchange 
to  protons,  and  dehydration  at  500  °C  [16-18].  The  Ti02(B)  pow¬ 
der,  especially  prepared  from  the  Cs2Ti50n  precursor,  exhibited  a 
reversible  capacity  of  314.4  mAh  g-1  and  a  good  cycleability 
(287.9  mAh  g-1  in  the  50th  cycle)  between  1.4  and  3.0  V  at  a  C/6  rate 
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[18].  However,  the  Ti02(B)  powder  still  have  problems  such  as  low 
tap  density  owing  to  the  needle-shape,  which  leads  to  a  low 
practical  capacity  per  volume  of  the  electrode. 

As  we  reported  previously,  the  shape  of  the  Ti02(B)  powder  is 
determined  by  the  shape  of  the  alkali  metal  titanate  precursors  [18], 
and  it  is  therefore  important  to  optimize  the  shape  and  size  of  the 
precursor  in  order  to  improve  the  tap  density.  We  have  so  far 
investigated  the  effects  of  Nb-doping  toTi02(B)  aiming  at  improving 
the  electronic  conductivity  as  reported  for  LTO  [19],  and  we  acci¬ 
dentally  found  that  the  Nb-doping  has  a  pronounced  effect  on  the 
shape  and  size  of  the  resulting  Nb-doped  Ti02(B)  particles.  In  this 
study,  we  prepared  Nb-doped  Ti02(B)  using  Nb-doped  rutile  Ti02  as 
a  starting  material,  and  investigated  the  effects  of  Nb-doping  on  the 
shape  and  size  of  the  resulting  Nb-doped  Ti02(B)  particles  and  their 
electrochemical  properties  as  negative  electrodes  in  LIBs. 

2.  Experimental 

2.1.  Synthesis  and  characterization  of  Nb-doped  Ti02(B) 

Anatase  Ti02  (Aldrich,  >99%,  average  diameter:  100  nm)  and 
Nb205  (Aldrich,  99.9%,  under  325  mesh)  powders  were  mixed  and 
fired  at  1350  °C  for  10  h  in  air  to  obtain  Tii_xNbx02  (x  =  0.07  or  0.10) 
powder  as  a  starting  material.  The  Nb-doped  Ti02  powder  was  mixed 
with  K2CO3  (Wako  Pure  Chemicals,  99.8%)  at  a  molar  ratio  of  1 :4,  and 
fired  at  900  °C  for  24  h  in  air  to  obtain  I^Ti^i^Nb^Og  precursor 
(x  =  0.07  or  0.10)  [16-18].  After  the  K+  ions  in  the  precursor  were 
exchanged  to  protons  in  1  M  HC1  for  3  days,  the  resulting  protonated 
powder  was  filtered,  and  dehydrated  at  500  °C  for  30  min  in  air,  and 
Tii_xNbx02(B)  (x  =  0.07  or  0.10)  powder  was  obtained. 

The  conventional  Ti02(B)  powder  prepared  using  the  fine 
anatase  Ti02  as  a  starting  material  [16-18]  were  used  for  compar¬ 
ison.  In  some  experiments,  a  non-doped  rutile  TiC>2  was  prepared 
from  the  anatase  Ti02  by  heating  at  1350  °C  for  10  h  in  air,  and  non- 
doped  Ti02(B)  powder  was  obtained  using  the  rutile  Ti02  as  a 
starting  material  to  investigate  the  effects  of  Nb-doping.  In  both 
cases,  the  procedures  for  precursor  preparation,  ion-exchange,  and 
dehydration  were  the  same  as  described  above. 

The  Nb-doped  and  non-doped  Ti02(B)  samples  were  analyzed 
by  X-ray  diffraction  (XRD,  Rigaku,  RINT2000)  using  a  Cu  Ka  radia¬ 
tion  (40  kV,  200  mA),  and  by  field-emission  scanning  electron 
microscopy  (FE-SEM,  JEOL,  JSM7001FD)  at  an  accelerating  voltage 
of  5-15  kV. 

The  tap  density  was  measured  as  follows:  A  given  amount  of  the 
Nb-doped  or  non-doped  Ti02(B)  powder  was  weighed,  and  put  into 
a  graduated  cylinder  (10  mL).  The  graduated  cylinder  was  tapped  a 
few  thousand  times  by  hand,  and  measured  the  volume  of  the 
powder.  The  tap  density  was  calculated  using  the  volume  and 
weight  of  the  powder. 

2.2.  Charge  and  discharge  tests 

The  Ti02(B)  powder  was  mixed  with  Ketjen  Black  (KB,  Lion 
Corp.,  EC600JD)  as  a  conductor  and  poly(vinylidene  fluoride)  (PVDF, 
Kureha,  KF  Polymer)  as  a  binder  at  a  weight  ratio  of  8:1 :1  using  1- 
methyl-2-pyrrolidinone  (Wako  Pure  Chemicals,  reagent  grade)  as  a 
solvent  to  make  a  viscous  slurry.  The  slurry  was  coated  on  a  copper- 
foil  current  collector  with  a  thickness  of  100  pm.  After  dried,  the 
electrode  composite  layer  (30-40  pm  in  thickness)  was  then  roll- 
pressed  to  20  pm.  The  loading  of  the  active  material  on  the  Cu 
foil  was  in  the  range  of  2.0-2.5  mg  cnrT2.  Composite  electrode  disks 
(1.77  cm2)  were  punched  out  from  the  foil,  and  dried  overnight  at 
80  °C  under  vacuum  before  use. 

A  coin-type  two-electrode  half-cell  was  constructed  from  the 
TiC>2(B)  composite  disk  electrode,  a  separator  (Celgard®  2400)  and 


Fig.  1.  SEM  images  of  (a)  anatase  Ti02  and  (b)  Nb-doped  Ti02  (Tio.93Nbo.07Cb)  powder 
as  starting  materials. 


a  lithium-foil  counter  electrode  (Honjo  Metal,  0.5  mm  in  thick¬ 
ness)  in  an  argon-filled  glove  box  (Miwa,  MDB-1B  +  MM3-P60S) 
with  a  dew  point  lower  than  -60  °C.  1.0  M  LiPF6  dissolved  in  1:1 
mixture  (by  volume)  of  ethylene  carbonate  (EC)  +  diethyl 


20  (Cu-Koc)  /  degree 

Fig.  2.  XRD  patterns  of  (a)  Ti02(B)  powder  prepared  by  the  conventional  method  using 
anatase  Ti02  as  a  starting  material  and  (b,  c)  Tii_xNbx02(B)  (x  =  0.07,  0.10)  samples 
prepared  from  Nb-doped  rutile  Ti02  as  a  starting  material. 
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Fig.  3.  SEM  images  of  (a)  K2Ti3.72Nbo.2sO9,  (b)  H2Ti3.72Nbo.2sO9,  (c)  Tio.93Nb0.o702(B)  particles  prepared  from  Nb-doped  rutile  Ti02  particles  (d)  K2Ti409,  (e)  H2Ti409  and  (f)  Ti02(B) 
prepared  by  the  conventional  method  using  anatase  TiC>2  particles  as  a  starting  material.  The  inserted  SEM  images  of  (a)’,  (b)’  and  (c)’  are  magnified  ones  for  (a),  (b)  and  (c), 
respectively. 


carbonate  (DEC)  was  used  as  an  electrolyte  solution.  Charge  and 
discharge  characteristics  were  measured  between  1.4  and  3.0  V  at 
a  C/6  rate  at  30  °C  using  a  battery  test  system  (Hokuto  Denko, 
HJ1001SM8).  In  the  present  study,  lithium-ion  insertion  into  and 
extraction  from  Ti02(B)  are  denoted  as  charging  and  discharging, 
respectively,  considering  the  role  of  Ti02(B)  as  a  negative  electrode 
in  LIBs. 

3.  Results  and  discussion 

3.1.  Characterizations  of  the  Nb-doped  Ti02(B)  powders 

Fig.  1  shows  SEM  images  of  the  anatase  TiC>2  powder  and  the  Nb- 
doped  Ti02  (Ti0.93Nb0.07O2)  powder  used  as  the  starting  materials  for 
the  preparation  of  the  conventional  and  Nb-doped  Ti02(B)  samples, 
respectively.  The  anatase  TO2  powder  was  very  fine,  and  its  particle 
size  was  ca.  100  nm.  The  Tii_xNbx02  (x  =  0.07  and  0.10)  powder  had  a 
rutile  structure,  and  the  particle  size  was  large  (10-30  pm).  The  color 


of  the  Tii_xNbx02  was  bluish  black,  which  indicated  that  the  valence 
of  Nb  ions  was  +5  and  part  of  Ti4+  was  reduced  toTi3+  inTii_xNbx02. 
However,  the  color  changed  from  bluish  black  to  white  after  the  ion- 
exchange  process,  and  did  not  change  after  the  dehydration  process 
at  500  °C.  It  is  therefore  speculated  that  the  valences  of  Ti  and  Nb  ions 
were  +4  in  Nb-doped  Ti02(B),  and  an  enhancement  in  electronic 
conductivity  by  Nb-doping  would  be  negligible  in  the  charge  and 
discharge  tests  described  later. 

Fig.  2  shows  the  XRD  patterns  of  the  conventional  Ti02(B)  and 
Tii_xNbx02(B)  (x  =  0.07  and  0.10)  samples  [1—3].  Both  Nb-doped 
samples  showed  similar  XRD  patterns  to  the  conventional  Ti02(B) 
powder,  but  each  peak  shifted  to  a  slightly  lower  angle.  These  facts 
indicated  that  the  Nb-doped  samples  were  a  single  phase  of  the 
Ti02(B)  structure  and  the  doped  Nb4+  ions  (ionic  radius:  68.0  pm) 
substituted  to  the  Ti4+  (ionic  radius:  60.5  pm)  sites  in  the  Ti02(B) 
structure. 

Fig.  3  shows  SEM  images  of  the  precursors,  protonated  pre¬ 
cursors  and  dehydrated  samples  obtained  at  each  synthetic  stage 
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Table  1 

Average  sizes  (diameter/length),  tap  densities,  electrode  densities,  1st  discharge 
capacities,  and  Coulombic  efficiencies  of  the  conventional  Ti02(B)  prepared  anatase 
Ti02,  and  Tii_xNbx02(B)  (x  =  0.07  and  0.10)  and  Ti02(B)  prepared  from  rutile 
Tii_xNb*02  and  Ti02  powder,  respectively. 


Samples 

Conventional 

Ti02(B) 

Ti0.93Nb0.07 

02(B) 

Tio.90Tio.10 

02(B) 

Ti02(B) 

Ti02  raw  material 

Anatase 

Rutile  Tio.93 

Rutile  Tio.90 

Rutile 

Ti02 

Nbo.0702 

Nbo.ioCb 

Ti02 

Average  diameter/ 

250/2000 

100/800 

100/800 

100/800 

length  (nm) 

Tap  density  (g  cm-3) 

0.30 

0.77 

0.66 

0.67 

Electrode  density  (g  cm'3) 

0.92 

1.21 

1.12 

1.01 

1 st  discharge  capacity 

190 

184 

201 

200 

per  weight  (mAh  g  :)a 

1 st  discharge  capacity 

175 

223 

225 

202 

per  volume  (mAh  cm  3)b 

Coulombic  efficiency  in  the 

30 

38 

27 

45 

first  cycle  (mAh  g  1)a 

a  Based  on  the  weight  of  the  active  material  only. 

b  Based  on  the  volume  of  the  electrode  including  the  binder  and  the  conductor. 


for  the  Tio.93Nbo.o702(B)  and  the  conventional  Ti02(B)  samples.  The 
conventional  Ti02(B)  powder  prepared  from  fine  anatase  Ti02 
powder  (Fig.  3(f))  had  a  relatively  large  needle-like  structure  with  a 
length  of  ca.  2  pm  and  a  diameter  of  ca.  250  nm.  The  shape,  the 
needle-like  structure,  is  characteristic  of  the  K2T4O9  precursor 
(Fig.  3  (d)),  and  did  not  change  appreciably  after  the  ion-exchange 
and  dehydration  processes.  The  needle-like  structure  of  the  pre¬ 
cursor  was  fully  developed  by  the  use  of  the  fine  anatase  Ti02 
powder  as  a  starting  material. 

When  the  Nb-doped  rutile  Ti02  as  a  starting  material,  the 
morphology  of  the  powder  at  each  stage  were  totally  different.  At  a 
glance  of  Fig.  3(a),  the  precursor  of  the  Nb-doped  Ti02(B) 
(K2Ti3.72Nbo.28O9)  seemed  large  particles  with  a  diameter  of  3— 
30  pm.  However,  a  closer  look  revealed  that  these  large  particles 
were  agglomerated  secondary  particles  consisting  of  very  fine  pri¬ 
mary  particles  of  K2Ti3.72Nbo.28O9.  This  fact  clearly  indicates  that  I<+ 
ions  from  K2CO3  (or  K2O)  penetrated  into  the  large  Nb-doped  rutile 
Ti02  particles  and  the  fine  precursor  particles  were  formed  inside. 
The  shape  and  size  of  the  powder  did  not  changed  appreciably  after 
the  ion-exchange  (Fig.  3(b))  and  dehydration  processes  (Fig.  3(c)). 
The  primary  particles  of  the  resulting  Tio.93Nbo.o702(B)  particles  also 
had  a  needle-like  structure,  but  their  size  was  much  smaller  than  that 
of  the  conventional  Ti02(B).  The  average  diameter  and  length  of  the 
primary  particles  were  ca.  100  nm  and  800  nm,  respectively.  Similar 
results  were  obtained  for  the  Tio.goNbo.io02(B)  powder.  The  tap 
densities  of  the  conventional  Ti02(B)  and  the  Nb-doped  Ti02(B) 
samples  and  the  densities  of  the  composite  electrodes  prepared  from 
these  samples  are  shown  in  Table  1.  While  the  tap  density  of  the 
conventional  Ti02(B)  powder  was  very  low  (0.30  g  cm-3),  it  was 
doubled  for  Tio.93Nbo.o702(B)  and  Tio.goNbo.io02(B)  (0.77  and 
0.66  g  cm-3,  respectively).  The  high  tap  densities  of  the  Tio.93N- 
bo.0702(B)  and  Tio.goNbo.io02(B)  samples  resulted  in  higher  electrode 
densities  (1.21  and  1.12  g  cm-3,  respectively)  than  that  of  the  con¬ 
ventional  Ti02(B)  (0.92  g  cm-3)  as  shown  in  Table  1. 

3.2.  Electrochemical  properties  of  the  Nb-doped  Ti02(B) 

Fig.  4  compares  charge  and  discharge  curves  of  the  conven¬ 
tional  Ti02(B)  and  the  Nb-doped  Ti02(B)  samples  in  1  M  LiPF 6/ 
EC  +  DEC(1:1).  All  the  samples  showed  plateaux  at  ca.  1.6  V  vs.  Li/ 
Li+  on  the  charge  and  discharge  curves,  which  is  characteristic  of 
TiC>2(B).  Almost  no  difference  in  the  shape  of  charge  and  discharge 
curves  was  observed  between  the  conventional  Ti02(B)  and  the 
Nb-doped  samples.  The  discharge  capacities  based  on  the  weight 
and  the  volume  of  these  samples  as  well  as  Coulombic  efficiencies 


Specific  Capacity  /  mAhg 


Fig.  4.  Charge  and  discharge  curves  of  (a)  Tio.93Nbo.07Cb,  (b)  Tio.9oNb0.io02,  and  (c)  The 
conventional  Ti02(B)  samples  between  1.4  and  3.0  V  at  C/6  in  1  M  LiPF6/EC  +  DEC  (1:1). 

in  the  first  cycle  are  summarized  in  Table  1.  The  Nb-doped  samples 
exhibited  discharge  capacities  per  weight  comparable  with  or 
slightly  higher  than  that  of  the  conventional  Ti02(B),  even  though 
the  Nb-doped  samples  have  reduced  theoretical  capacities  owing 
to  the  presence  of  inactive  Nb4+  ions.  This  may  be  due  to  the 
smaller  particle  size  of  the  Nb-doped  samples. 

In  contrast,  the  discharge  capacity  per  electrode  volume  was 
greatly  influenced  by  Nb-doping.  The  discharge  capacity  per  elec¬ 
trode  volume  for  the  conventional  Ti02(B)  was  175  mAh  cm-3,  but 
those  for  Ti0.93Nb0.07O2(B)  and  Ti0.9oNb0.io02(B)  were  223  and 
225  mAh  cm-3,  respectively.  The  increase  in  the  discharge  capacity 
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Fig.  5.  SEM  images  of  (a)  large-size  rutile  Ti02  (starting  material),  (b)  K2Ti4Og,  (c)  H2Ti40g  and  (d)  non-doped  Ti02(B)  particles. 


per  volume  is  clearly  owing  to  their  high  tap  densities  and  high 
electrode  densities.  In  addition,  the  Nb-doped  samples  exhibited 
good  cycleability,  comparable  with  that  of  the  conventional  Ti02(B). 
The  discharge  capacity  of  197  mAh  g-1  (221  mAh  cm-3)  was  kept 
even  in  the  50th  cycle  especially  for  Tio.9oNbo.io02(B),  which  is 
higher  than  the  theoretical  capacity  of  the  LTO  negative  electrode 
(175  mAh  g-1). 

For  each  sample,  a  relatively  large  irreversible  capacity  was 
observed  in  the  first  cycle.  This  is  due  to  the  solvent  decomposition 
in  the  first  charging  process  as  discussed  in  a  previous  paper  [17]. 


Fig.  6.  Charge  and  discharge  curves  of  non-doped  Ti02(B)  prepared  with  large-size 
rutile  Ti02  powder  as  a  starting  material  between  1.4  and  3.0  V  at  C/6  in  1  M  LiPF6/ 
EC  +  DEC(1:1). 


The  Coulombic  efficiency  in  the  first  cycle  was  hence  not  so  high 
(83-88%)  for  each  sample;  however,  it  was  not  significantly 
affected  by  Nb-doping. 

3.3.  Effects  of  Nd-doping 

To  investigate  the  effects  of  Nb-doping  in  more  detail,  non- 
doped  rutile  Ti02  particles  were  prepared  by  heating  the  anatase 
Ti02  particles  at  1350  °C  for  10  h,  and  non-doped  Ti02(B)  was 
synthesized  using  the  non-doped  rutile  Ti02  as  a  raw  material  in  a 


Fig.  7.  XRD  patterns  of  the  composite  electrode  of  the  non-doped  Ti02(B)  (a)  before 
cycling  and  (b)  after  50  cycles  between  1.4  and  3.0  V  at  C/6  in  1  M  LiPF6/EC  +  DEC  (1:1). 
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similar  manner.  Fig.  5  shows  SEM  images  of  the  Ti02  (starting 
material),  precursor,  protonated  precursor  and  dehydrated  powder. 
The  particle  size  of  the  starting  material  (rutile  TiC^)  was  large  (5— 
20  pm)  as  well  as  the  Nb-doped  one  (Fig.  2(b)).  The  morphology  of 
the  I<2Ti40g  precursor  was  very  similar  to  that  of  the 
K2Ti3.72Nbo.28O9  precursor  shown  in  Fig.  3(a).  Very  fine  primary 
particles  were  agglomerated  to  form  large  secondary  particles. 
Therefore  the  reaction  mechanism  for  the  precursor  formation  is 
the  same  as  that  for  the  Nb-doped  one;  that  is,  I<+  ions  penetrated 
into  the  large  rutile  Ti02  particles  and  the  fine  precursor  particles 
were  formed  inside.  However,  the  agglomerated  secondary  parti¬ 
cles  completely  decomposed  after  the  ion-exchange  process,  and 
the  resulting  Ti02(B)  powder  was  very  fine  needle-like  particles 
without  agglomeration.  The  tap  density  and  electrode  density  of 
the  non-doped  Ti02(B)  prepared  by  the  new  method  are  listed  in 
Table  1.  They  were  also  higher  than  that  of  the  conventional  Ti02(B) 
and  were  comparable  with  those  of  the  Nb-doped  samples.  The 
formation  of  the  large  secondary  particles  in  the  final  dehydrated 
products  is  one  of  the  effects  of  Nb-doping  as  shown  in  Fig.  3(c); 
however,  it  is  considered  that  the  main  reason  for  the  high  tap 
density  and  high  electrode  density  originated  not  from  the  pres¬ 
ence  of  the  secondary  particles,  but  from  the  small  size  of  the 
primary  particles. 

Fig.  6  shows  charge  and  discharge  curves  of  the  non-doped 
Ti02(B)  in  1  M  LiPFe/EC  +  DEC(1:1).  The  first  discharge  capacities 
per  weight  and  volume  were  200  mAh  g-1  and  202  mAh  cm-3, 
respectively,  which  were  comparable  with  those  of  the  Nb-doped 
samples.  However,  upon  repeated  cycles,  new  plateaux  appeared 
at  ca.  1.75  V  and  1.90  V,  respectively,  which  are  assigned  to  the  Li 
insertion  and  extraction  reactions  of  the  anatase  Ti02  phase  [20,21  ]. 
In  addition,  deterioration  of  the  charge  and  discharge  capacities 
upon  cycling  was  clearly  observed.  Fig.  7  compares  the  XRD  pat¬ 
terns  of  the  non-doped  Ti02(B)  electrode  before  cycling  and  after 
50  cycles.  After  50  cycles,  the  peaks  assigned  toTi02(B)  disappeared 
and  the  peaks  assigned  to  the  anatase  phase  were  clearly  observed. 
This  fact  suggests  that  Nb-doping  has  a  positive  effect  for  stabili¬ 
zation  ofTi02(B)  structure  of  the  fine  Nb-doped  Ti02(B)  particles, 
though  further  investigation  is  needed  to  clarify  the  mechanism  for 
the  stabilization.  As  a  result,  Nb-doping  gave  good  cycleability  to 
the  Nb-doped  Ti02(B)  samples. 

4.  Conclusions 

We  found  that  the  use  of  large-size  Nb-doped  rutile  Ti02  par¬ 
ticles  as  a  starting  material  greatly  changes  the  shape  and  size  of 
the  resulting  Nb-doped  Ti02(B)  powder.  The  resulting  Nb-doped 
Ti02(B)  particles  were  much  smaller  than  that  of  the  conven¬ 
tional  Ti02(B),  and  were  agglomerated  to  form  secondary  particles 
with  a  diameter  of  3-30  pm.  The  tap  density  successfully  increased 
for  Tio.93Nb0.o702(B)  and  Tio.9oNbo.io02(B),  (0.77  and  0.66  g  cm-3, 


respectively),  which  were  ca.  2-fold  higher  than  that  of  the  con¬ 
ventional  TiC>2(B)  (0.30  g  cm'3).  As  a  result,  the  discharge  capacity 
per  electrode  volume  was  significantly  improved  for  both  Nb- 
doped  samples  without  sacrificing  the  cycleability.  Non-doped 
Ti02(B)  was  also  prepared  from  large-size  non-doped  rutile  Ti02 
as  a  starting  material,  and  the  effect  of  Nb-doping  was  investigated. 
The  non-doped  Ti02(B)  powder  was  also  smaller  than  that  pre¬ 
pared  by  the  conventional  method  using  fine  anatase  powder  as  a 
starting  material,  and  showed  a  high  discharge  capacity  per  elec¬ 
trode  volume.  However  it  deteriorated  to  form  the  anatase  phase 
upon  cycling.  It  was  shown  that  Nb-doping  not  only  improves  the 
discharge  capacity  per  electrode  volume,  but  also  effectively  sta¬ 
bilizes  the  Ti02(B)  crystal  structure  of  the  small  particles.  The 
reason  for  the  structural  improvement  by  Nb-doping  is  not  clear  at 
present,  and  are  now  under  investigation. 
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